Nerve growth factor (NGF) is elevated in certain chronic pain conditions and is a sufficient stimulus to cause lasting pain in humans, but the actual mechanisms underlying the persistent effects of NGF remain incompletely understood. We developed a rat model of NGFinduced persistent thermal hyperalgesia and mechanical allodynia to determine the role of transient receptor potential vanilloid 1 (TRPV1) and oxidative mechanisms in the persistent effects of NGF. Persistent thermal hypersensitivity and mechanical allodynia require de novo protein translation and are mediated by TRPV1 and oxidative mechanisms. By comparing effects after systemic (subcutaneous), spinal (intrathecal) or hindpaw (intraplantar) injections of test compounds, we determined that TRPV1 and oxidation mediate persistent thermal hypersensitivity via peripheral and spinal sites of action and mechanical allodynia via only a spinal site of action. Therefore, NGF-evoked thermal and mechanical allodynia are mediated by spatially distinct mechanisms. NGF treatment evoked sustained increases in peripheral and central TRPV1 activity, as demonstrated by increased capsaicin-evoked nocifensive responses, increased calcitonin gene-related peptide release from hindpaw skin biopsies, and increased capsaicin-evoked inward current and membrane expression of TRPV1 protein in dorsal root ganglia neurons. Finally, we showed that NGF treatment increased concentrations of linoleic and arachidonic-acid-derived oxidized TRPV1 agonists in spinal cord and skin biopsies. Furthermore, increases in oxidized TRPV1-active lipids were reduced by peripheral and spinal injections of compounds that completely blocked persistent nociception. Collectively, these data indicate that NGF evokes a persistent nociceptive state mediated by increased TRPV1 activity and oxidative mechanisms, including increased production of oxidized lipid TRPV1 agonists.
Introduction
Pain management is a major problem, in part due to incomplete understanding of pain mechanisms. Many studies have investigated the mechanisms for acute activation of nociceptors, but there is a large gap in knowledge regarding the mechanisms underlying the transition to chronic pain. In adults, neurotrophic factors such as nerve growth factor (NGF) regulate gene expression after nerve injury or prolonged inflammation, which can lead to the development of persistent pain (Zhu and Oxford, 2011) . Endogenous NGF levels are elevated in certain chronic pain conditions (Aloe et al., 1992; Iannone et al., 2002; Sarchielli et al., 2007) and a single administration of NGF is sufficient to trigger transition to a persistent pain state in humans that lasts for weeks (Petty et al., 1994; Dyck et al., 1997; Svensson et al., 2003; Rukwied et al., 2010) . NGF is also synthesized and released upon single or repeated tissue injury/inflammation (Paterson et al., 2009) . Moreover, tyrosine receptor kinase A (TrkA) receptor activation by NGF in immune cells evokes a feedforward release of additional NGF, together with other inflammatory mediators (Woolf et al., 1996; Nicol and Vasko, 2007; Mantyh et al., 2011) . Therefore, NGF has a complex role in the development of chronic pain conditions. Compounds that inhibit NGF actions show efficacy in treating certain clinical pain disorders (Cattaneo, 2010) . However, there is a critical gap in knowledge concerning mechanisms by which NGF triggers the transition to a persistent pain state.
Recent studies have implicated the transient receptor potential vanilloid 1 (TRPV1) ion channel in mediating NGF-induced persistent mechanical and thermal hypersensitivity in rats (Mills et al., 2013) . NGF acutely modulates TRPV1 activity (Zhu et al., 2004; Zhu and Oxford, 2007) , but the mechanism(s) mediating persistent effects are not fully understood. Studies from many laboratories, including our own, demonstrate that oxidized lipids from linoleic acid (LA) (Patwardhan et al., 2009; Patwardhan et al., 2010; Ruparel et al., 2012a) or arachidonic acid (AA) (Hwang et al., 2000; Gregus et al., 2012; Wen et al., 2012) activate TRPV1, resulting in nociceptor excitation and pain. LA and AA are oxidized by certain cytochrome p450s (CYPs) lipoxygenases (LOXs), cyclooxygenases (COXs), and free radicals into active metabolites (Bylund et al., 1998; Gregus et al., 2012; Ruparel et al., 2012a; Ruparel et al., 2012b; Wen et al., 2012) . Injections of these oxidized linoleic acid metabolites (OLAMs) into rodent hindpaws elicit spontaneous nocifensive behavior and thermal hyperalgesia via a TRPV1-dependent mechanism (Patwardhan et al., 2010) . In this study, we tested the hypothesis that NGF triggers the development of a persistent thermal and mechanical nociceptive state mediated by oxidative processes leading to increased production of endogenous TRPV1 agonists and activation of the channel.
Materials and Methods
Animals. Adult male Sprague Dawley rats (Charles River) were used for all studies. All experimental protocols were approved by the Institutional Animal Care and Use Committee of the University of Texas Health Science Center at San Antonio and conformed to the International Association for the Study of Pain and federal guidelines.
Materials. NGF-7S from murine submaxillary gland, anisomycin, cycloheximide, N-acetylcysteine (NAC), and capsaicin were purchased from Sigma-Aldrich. Nordihydroguaiaretic acid (NDGA) and capsazepine (CPZ) were purchased from Tocris Bioscience. Bromoenol lactone (BEL) was purchased from Cayman Chemical. NGF was dissolved in PBS containing 2% bovine serum albumin. Anisomycin was dissolved in 2% 10 N HCl/PBS, cycloheximide was dissolved in double distilled water, and NAC was dissolved in PBS. For behavioral experiments, capsaicin stock was made in 5% dimethylsulfoxide (DMSO)/5% Tween/PBS that was further diluted in PBS. For electrophysiology experiments, capsaicin was dissolved in ethanol to a stock concentration of 100 mM that was further diluted in standard extracellular solution on the day of the experiment. NDGA was dissolved in 32% methylpyrrolidinone/PBS. CPZ was dissolved in 20% DMSO/80% mineral oil.
Rat model of persistent nociception. Rats received daily systemic subcutaneous injections of NGF (30 g/kg/d) or vehicle into the dorsal skin of the neck for 5 consecutive days. Interventional experiments were performed on day 8, which was 3 d after the last NGF injection.
Administration of drugs. Test compounds were administered via subcutaneous injection into the dorsal neck skin (250 l volume), intraplantar injection into the hindpaw (50 l volume), or by intrathecal injection into the lumbar region of the spinal cord (10 l volume). Animals were lightly restrained before subcutaneous and intraplantar injections and lightly anesthetized with isoflurane for freehand intrathecal injections, as described previously (Fairbanks, 2003; Patwardhan et al., 2009) . Animals that failed to show a tail flick upon intrathecal injection or that failed to recover within 2 min of anesthesia were excluded from the experiment. Anisomycin (50 mg/kg, s.c.) or vehicle was administered concurrently with NGF and 6 h after NGF injection on each day during days 1-5. Cycloheximide (1 mg/kg, s.c.) or vehicle was administered concurrently with NGF on each day during days 1-5. NDGA (40 mg/kg, s.c.) or vehicle was administered 1 h before testing on day 8. NAC (50 mg/kg, s.c.) or vehicle was administered 30 min before testing on day 8. CPZ (100 mg/ kg, s.c.) or vehicle was administered 2 h before testing on day 8. Intraplantar injection of BEL, CPZ, NDGA, or vehicle was administered 30 min before testing and intrathecal injections were administered 15 min before behavioral testing. Pilot studies were conducted to ensure that all compounds were tested at the time of maximal effect on behavior after subcutaneous, intraplantar, or intrathecal injection.
Behavioral assays. Blinded observers conducted all behavioral experiments. Hindpaw thermal and mechanical thresholds were assessed using the radiant heat test (Hargreaves et al., 1988) and the Ugo Basile dynamic plantar aesthesiometer (Gibbs et al., 2006) , respectively. Animals were allowed to acclimate to the testing room and the testing apparatus for at least 30 min before the experiment. All animals tested with the radiant heat test were also tested with the dynamic plantar aesthesiometer to minimize animal use.
Spontaneous nocifensive behaviors were measured as described previously (Ruparel et al., 2008) to study the effect of capsaicin injected into the hindpaw (1 g) or intrathecal space (0.2 g). Nocifensive behavior after peripheral injection was defined as spontaneous lifting, flinching, or licking of the hindpaw and was collected in 2 min bins for 12 min after capsaicin or vehicle injection. Nocifensive behavior from compounds delivered into the spinal cord were defined as contracture of the caudal portions of the body, scratching and biting of the caudal portions of the body, and lifting or flinching the hind limbs, as described previously (Yaksh et al., 1979) , and were collected in 2 min bins for 20 min after recovery from anesthesia.
ELISA. Plasma concentrations of NGF were measured from untreated and NGF-treated rats on days 5 and 8. Animals were killed by decapitation and trunk blood was collected into heparinized collection tubes. Blood was centrifuged at 200 ϫ g for 15 min to isolate plasma, followed by centrifugation at 2000 ϫ g for 15 min to isolate platelet poor plasma (PPP) for use with the ChemiKine NGF Sandwich ELISA kit (Millipore) (Blandini et al., 2006) . PPP was used immediately or stored at Ϫ80°C until use. Linear regression was used to generate a standard curve (r 2 Ն 0.99).
Primary sensory neuron culture. Animals were killed by decapitation and lumbar (L4 -L6) dorsal root ganglia (DRG) were removed within 15 min and placed into ice-cold HBSS (Invitrogen). DRG neurons were separated in 1 mg/ml collagenase-dispase solution and plated onto poly D-lysine-laminin-coated coverslips (Clontech). Cells were maintained in minimal media containing DMEM, supplemented with 2% fetal bovine serum, 2 mM L-glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin. NGF was not added to the medium to avoid any confounding effects of previous daily, systemic NGF treatment. Experiments were conducted within 4 -6 h of plating.
Electrophysiology. Recordings were made in whole-cell patch-clamp (holding potential of Ϫ60 mV) configuration at 22-24°C from the somata of small-to medium-sized neurons (15-40 pF). Data were acquired and analyzed using an Axopatch 200B amplifier and pCLAMP10.0 software (Molecular Devices). Recording data were filtered at 0.5-2.5 kHz and sampled at 2-10 kHz. Borosilicate pipettes with filaments (Sutter Instruments) were polished to resistances of 3-4 M⍀ in whole-cell pipette solution. Access resistance (R s ) was compensated 40 -80% when appropriate up to the value of 7-10 M⍀. Data were rejected when R s changed Ͼ20% during recording, leak currents were Ͼ50 pA, or input resistance was Ͻ300 M⍀. Standard external solution contained the following (in mM): 140 NaCl, 5 KCl, 2 CaCl 2 , 1 MgCl 2 , 10 D-glucose, and 10 HEPES, pH 7.4. Standard pipette solution contained the following (in mM): 140 KCl, 1 MgCl 2 , 1 CaCl 2 , 10 EGTA, 10 D-glucose, and 10 HEPES, pH 7.3. Capsaicin was applied using a fast, pressure-driven and computer-controlled 5-channel system (MicroData Instrument).
Skin superfusion and radioimmunoassay. Six millimeter biopsies of plantar hindpaw skin (in the same area stimulated in the radiant heat test) were collected and placed into 24-well plates (two biopsies/well) containing HBSS for 30 min for equilibration. After baseline sample collection, capsaicin was applied for 2 min with collection of superfusate for 20 min and CGRP measurement was conducted by radioimmunoassay as described previously (Ruparel et al., 2008) .
Crude plasma membrane preparation. DRG were collected and homogenized by 20 strokes in a Potter-Elvehjem homogenizer in a hypotonic buffer containing the following (in mM): 25 HEPES, 25 sucrose, 1.5 MgCl 2 , and 50 NaCl, pH 7.2. The cell extract was incubated on ice for 15 min and then centrifuged at 1000 ϫ g for 1 min at 4°C to remove nuclei and unlysed cells from the homogenate. The resulting supernatant was centrifuged at 16,000 ϫ g for 30 min at 4°C, separating cytosolic proteins from cell membrane proteins. The pellet (crude membrane fraction) was then resuspended in 400 l of homogenization buffer containing 1% Triton X-100.
Western blot. Protein quantification of plasma membrane and cytosolic homogenates was performed using the Bradford assay (Bradford, 1976 ) (Sigma-Aldrich) following the manufacturer's directions. Samples (50 g) were resolved via 15% SDS-PAGE, and transferred to PVDF membranes (Millipore). Western blots were blocked in 5% nonfat milk in Tris-buffered saline/Tween-20 and visualized using anti-TRPV1, anti-␤1-integrin or anti-␤-actin primary antibodies (Santa Cruz Biotechnology), followed by the appropriate horseradish peroxidase-conjugated secondary antisera (GE Healthcare) and enhanced chemiluminescence detection following the manufacturer's instructions (GE Healthcare). Densitometry measurements were determined using ImageJ version 1.62, with the reported pixel density ϭ band density Ϫ lane background density. Densitometry measurements for immunoreactive TRPV1 from crude PM fractions were normalized to those for ␤1-integrin and TRPV1 from cytosolic fractions were normalized to ␤-actin.
HPLC electrospray ionization tandem MS. For HPLC electrospray ionization tandem MS, polyunsaturated fatty acids (PUFAs) were extracted from weighed samples (containing at least 25 mg) of spinal cord and 6 mm hindpaw skin biopsies using 100% ice-cold methanol. Stable isotope-labeled standards (arachidonic acid-d8, 12S-hydroxyeicosatetraenoic acid-d8 (12S-HETE-d8), and 9S-hydroxyoctadecadienoic acid-d4 (9S-HODE-d4)) were added at the time of extraction for absolute quantification. Tissue samples with the solvents were homogenized with an Omni Bead Ruptor Homogenizer (OMNI International). MS analyses were conducted on a Thermo Fisher Q Exactive fitted with a PicoChip nanospray source (New Objective) and a PicoChip column (Waters Atlantis dC18 column; 150 m ϫ 105 mm; 3 m particles). A 55 min water/acetonitrile/isopropanol/ammonium acetate gradient was run at the flow rate of 1 l/min. Mobile phase A is acetonitrile/water (40:60) containing 10 mM ammonium acetate and mobile phase B is acetonitrile/isopropanol (10:90) containing 10 mM ammonium acetate. Data-dependent analyses were conducted using one full MS scan (70,000 resolution) followed by six tandem MS scans with electrospray negative ion detection. Standard curves were generated for all targeted PUFAs using appropriate stable isotope labeled internal standards and authentic fatty acids. Quantitative results were obtained by reference of the experimental peak area ratios to the standard curves.
Data analysis. Nonlinear regression and GLM methods were used for statistical analysis, including ANOVA and Student's t test, with Tukey's post hoc analyses in studies powered to generate 80% power for detecting a 25% difference between groups at p Ͻ 0.05, with variance estimates derived from previous studies in our laboratory. Error bars in figures are SEM (*p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001).
Results

NGF-induced persistent thermal and mechanical nociception requires protein synthesis and are mediated by TRPV1 and oxidation
A model of NGF-induced persistent nociception was developed by administering systemic NGF (30 g/kg/d, s.c.) for 5 d to male rats ( Fig. 1) . By day 5, NGF-treated animals exhibited significant thermal hyperalgesia compared with vehicle-treated rats and hyperalgesia was maintained through days 8 -11 (Fig. 1A) . Similarly, NGF treatment caused significant mechanical allodynia by day 5 that was maintained through days 8 -11 (Fig. 1B) . Consistent with the clinical observation that NGF is a sufficient stimulus to cause lasting pain in humans (Petty et al., 1994; Svensson et al., 2003; Rukwied et al., 2010) , these data demonstrate that systemic NGF causes thermal and mechanical nociception in rats that persists days after treatment cessation.
The persistent nociception observed at day 8 is presumably due to the downstream effects of receptor activation during NGF treatment. Because NGF has a circulating half-life of 4.5 h in rats (Tria et al., 1994) , studies conducted on day 8 were ϳ16 half-lives after NGF administration (i.e., we estimated that ϳ99.998% of circulating NGF was eliminated). To exclude directly the possibility of residual exogenous NGF, we measured circulating levels of NGF (n ϭ 8/group) by ELISA. There were no detectable (i.e., Ͻ10 pg/ml) levels of NGF in plasma from untreated and NGFtreated animals on day 8. In contrast, NGF-treated animals on day 5 had plasma NGF concentrations of 41.2 Ϯ 9.0 pg/ml. These data indicate that day 8 observations represent continued effects of NGF that persist long after clearance of the neurotrophin. We next determined whether changes in protein expression were required for persistent effects of NGF. We coadministered NGF together with either anisomycin or cycloheximide (n ϭ 6 -10/ group) during days 1-5 and measured nociception on day 8. Anisomycin and cycloheximide cotreatment significantly blocked the development of both thermal hyperalgesia (Fig. 1C ) and mechanical allodynia (Fig. 1D ), demonstrating that de novo protein synthesis is required for the persistent effects of NGF.
Together, these findings demonstrate that day 8 nociception in the NGF model represent persistent pain behaviors that require changes in protein expression and persist beyond physical elimination of the exogenous neurotrophin.
Prior studies have shown that NGF modulates TRPV1 acutely (Zhu et al., 2004; Zhu and Oxford, 2007) ; therefore, we investigated whether NGF exerts persistent effects on TRPV1. First, we evaluated whether inhibition of TRPV1 could reduce persistent nociception from NGF treatment. Systemic injection of the TRPV1 antagonist capsazepine (CPZ, 100 mg/kg, s.c.) significantly and rapidly inhibited thermal and mechanical nociception (Fig. 1C,D) , providing a direct link between TRPV1 channel activation and persistent pain behaviors. Because certain oxidized lipids comprise a population of endogenous TRPV1 activators, we next evaluated whether oxidative mechanisms contribute to nociceptive behaviors caused by NGF. Administration of the combined oxidative enzyme inhibitor/antioxidant NDGA (40 mg/kg, s.c.) significantly reduced thermal and mechanical nociception (Fig. 1C,D) , implicating a definitive role for oxidative processes in persistent nociception from NGF. NDGA is a broadbased CYP and LOX inhibitor as well as a potent antioxidant (Goodman et al., 1994; DuPont et al., 2001 ) that reduces formation of TRPV1-active oxidized lipids (Patwardhan et al., 2010) , whereas NAC is a thiol-containing antioxidant that reacts directly with free radicals and has been shown to modulate TRPV1 activity (Nazıroglu et al., 2013) . In contrast to NDGA, systemic NAC injection failed to reduce thermal hypersensitivity or mechanical allodynia caused by NGF (Fig. 1C,D) , suggesting that enzymatic oxidation contributes preferentially to persistent pain behaviors over nonenzymatic free radical oxidation. Collectively, these systemic administration studies indicate that persistent NGF nociception requires de novo protein synthesis and is mediated by TRPV1 and enzymatic oxidative processes. However, systemic injection of compounds provides little insight into sites of action where NGF mediates persistent nociception. Accordingly, the next series of experiments used localized routes of injection to isolate and study peripheral and central mechanisms that contribute to NGF-evoked persistent nociception.
NGF-evoked thermal hyperalgesia and mechanical allodynia are mediated by spatially distinct mechanisms Previous studies have suggested that both peripheral and central mechanisms contribute to NGF-induced pain behaviors (Lewin et al., 1993; Lewin et al., 1994) . Accordingly, we compared responses to compounds injected into either intraplantar hindpaw or intrathecal spinal tissues. Peripheral (intraplantar) administration of CPZ and NDGA significantly and dose-dependently reversed NGF-evoked thermal hyperalgesia ( Fig. 2A) . Control experiments verified that these effects were peripherally mediated because intraplantar injection of these drugs into one hindpaw had no effect on thresholds in the contralateral hindpaw (data not shown). Moreover, spinal injection of CPZ and NDGA also significantly reversed NGF-evoked thermal hyperalgesia (Fig. 2C) . Together, these data indicate that blockade of TRPV1 or oxida-tive enzymes, in either spinal cord or hindpaw skin, is sufficient to reduce NGF-induced thermal hyperalgesia. However, a different pattern was observed with NGF-mediated mechanical allodynia because central administration of either CPZ or NDGA significantly reversed mechanical allodynia, whereas peripheral injection had no effect (Fig. 2 B, D) . Notably, the peripheral doses of CPZ and NDGA were biologically active because they significantly reversed thermal hyperalgesia ( Fig. 2A) . Therefore, NGF-evoked thermal and mechanical nociception are mediated by spatially distinct mechanisms: thermal nociception is mediated in both peripheral tissues and spinal cord, whereas mechanical nociception is mediated exclusively by spinal mechanisms.
Overall, these findings demonstrate that TRPV1 and oxidation are key mechanisms and convergence points for both persistent thermal and mechanical nociception after NGF despite the fact that spatially distinct mechanisms mediate each type of nociception. Furthermore, the full efficacy and similarities in results from peripheral versus spinal routes of administration between CPZ and NDGA are consistent with the hypothesis that NGF causes persistent nociception through increased TRPV1 activation by oxidized lipid agonists. Although enhanced enzymatic production of oxidized lipid LA and AA metabolites is a possible mechanism to connect TRPV1 and oxidative mechanisms functionally, behavioral studies using CPZ and NDGA are insufficient to test this hypothesis adequately. Phospholipase A2 (PLA2) enzymes release fatty acids from membrane phospholipids (Konkel and Schunck, 2011), so we used the PLA2 inhibitor BEL to evaluate the effect of blocking free fatty acid release on NGF-induced persistent nociception. Peripheral (intraplantar) administration of BEL significantly and dose-dependently reversed NGF-evoked thermal hyperalgesia (Fig. 2E) , with no effect on mechanical allodynia (Fig. 2F ) , whereas spinal (intrathecal) injection of BEL significantly and dose-dependently reversed both thermal hyperalgesia and mechanical allodynia (Fig. 2G,H ) . The similarity in efficacy of BEL, CPZ, and NDGA is consistent with the hypothe- sis that NGF leads to increased TRPV1 activities by release of endogenous TRP-active lipid metabolites. To test this hypothesis directly, we next evaluated persistent effects of NGF on TRPV1 activity and expression, followed by additional experiments that determined directly the effect of NGF alone and with NDGA or BEL cotreatment on levels of oxidized lipid TRPV1 agonists in spinal cord and peripheral tissues.
NGF causes persistent increases in TRPV1 activities
Because TRPV1 antagonism blocked NGF-mediated persistent nociception, we first evaluated the effects of NGF on behavioral measures of TRPV1 activity. NGF-treated animals displayed a threefold increase in nocifensive behaviors to hindpaw injection of capsaicin compared with vehicle control animals (Fig. 3A) , suggesting that peripheral TRPV1 activity is persistently increased after NGF. Conversely, cotreatment of NGF with either anisomycin or cycloheximide significantly reduced hindpaw nocifensive behaviors on day 8 (Fig. 3A) , demonstrating that inhibition of protein translation during NGF treatment blocked the increases in TRPV1 activities. These findings suggest that NGF could trigger persistent nociception through changes in protein translation of peripheral TRPV1 and/or genes involved in signal transduction pathways, posttranslational modification, or surface trafficking of the receptor. Next, we determined the effect of NGF on spinal TRPV1 activity. NGF-treated rats displayed a modest, but significant, increase in nocifensive behaviors evoked by spinal (intrathecal) injection of capsaicin compared with vehicle control animals ( Fig. 3B) , suggesting that spinal TRPV1 activity is also enhanced after NGF. Together, these behavioral studies demonstrate that persistent NGF-induced nociception is accompanied by increases in both peripheral and central TRPV1 activity. To investigate potential mechanisms by which TRPV1 activity was enhanced, we evaluated persistent NGF effects on capsaicin- Figure 2 . Persistent NGF-evoked thermal hyperalgesia and mechanical allodynia are mediated by spatially distinct mechanisms. Blinded observers measured thermal (A) and mechanical (B) thresholds in NGF-treated rats on day 8 after hindpaw injections of NDGA (0.5, 5, or 50 g, i.pl.), CPZ (10, 100, or 1000 g, i.pl.), or vehicle (n ϭ 5-6/group). Blinded observers measured thermal (C) and mechanical (D) thresholds in NGF-treated rats on day 8 after spinal cord injections of NDGA (5 g, i.t.), CPZ (100 g, i.t.), or vehicle (n ϭ 5-6/group). Data were analyzed by ANOVA with Tukey's post hoc test. Error bars are SEM. ***p Ͻ 0.001 compared with baseline, ##p Ͻ 0.01, ###p Ͻ 0.001 compared with vehicle. Blinded observers measured thermal (E) and mechanical (F ) thresholds in NGF-treated rats on day 8 after hindpaw injections of BEL (0.3, 3, or 30 g, i.pl.) or vehicle (n ϭ 6 -7/group). Blinded observers measured thermal (G) and mechanical (H ) thresholds in NGF-treated rats on day 8 after spinal cord injections of BEL (0.3, 3, or 30 g, i.t.) or vehicle (n ϭ 6 -7/group). Data were analyzed by ANOVA with Tukey's post hoc test. Error bars are SEM. ***p Ͻ 0.001 compared with baseline; ###p Ͻ 0.001 compared with vehicle;^p Ͻ 0.05,^^p Ͻ 0.01,^^^p Ͻ 0.001 compared with 0.3 g BEL.
evoked inward current (I CAP ) in acutely isolated DRG neurons (Fig. 3C) . NGF treatment significantly increased maximal current density (E max ) of I CAP (NGF ϭ 325.9 Ϯ 29.6 pA/pF vs vehicle ϭ 254.4 Ϯ 13.0 pA/pF; representative traces in Fig. 3D ) with no effect on half-maximal effect (EC 50 ) concentrations (NGF ϭ 48.3 nM vs vehicle ϭ 123.0 nM). If changes in TRPV1 density in acutely cultured DRG cell bodies reflect receptor density at peripheral and central nerve terminals, then these data support the hypothesis that NGF-evoked increases in behavioral TRPV1 activity are mediated by increased TRPV1 density at peripheral and central DRG nerve terminals. As a direct approach to evaluate TRPV1 activity in peripheral terminals, we measured capsaicinevoked CGRP exocytosis in hindpaw skin biopsies taken from NGF-or vehicle-treated rats on day 8 (Fig. 3E ). Similar to the electrophysiology studies, NGF treatment significantly increased maximal capsaicin-evoked CGRP release (E max ) values in hindpaw skin (NGF ϭ 24.1 Ϯ 1.1% total CGRP, vs vehicle ϭ 11.8 Ϯ 1.3% total CGRP), with no change in EC 50 (NGF ϭ 636.1 nM vs vehicle ϭ 427.4 nM). The results from these electrophysiologic studies on DRG somata and exocytosis studies from cutaneous peptidergic terminals suggest that the neuronal mechanism by which NGF enhances peripheral TRPV1-mediated pain behavior is through increased TRPV1 membrane density in DRG cell bodies, peripheral nerve terminals, and possibly central nerve terminals.
NGF increases membrane TRPV1 expression in rat L4 -L6 DRGs but not lumbar spinal cord
To test directly for increased TRPV1 density in DRG and spinal cord membranes, we measured membrane and cytosolic TRPV1 protein in L4 -L6 DRGs and lumbar spinal cord collected from untreated or NGF-treated animals ( Fig. 4A-D) . Fractionated Western blot analysis indicated that NGF significantly increased membrane TRPV1 protein in DRG cell bodies on days 5 and 8, with no detectable changes in cytosolic TRPV1 protein (Fig. 4A-D) . Surprisingly, NGF appeared to have no effect on either membrane or cytosolic TRPV1 protein in spinal cord (Fig. 4E-H ) , suggesting that NGF may increase TRPV1 density in DRG cell bodies and peripheral, but not central, terminals preferentially. Together, studies on TRPV1 activity and protein expression support the hypothesis that NGF enhances peripheral TRPV1-mediated pain behaviors by increasing peripheral membrane TRPV1 protein density in peripheral DRG nerve terminals in hindpaw skin. Differences between the effect of NGF on TRPV1 protein in DRG cell bodies and spinal cord support the hypothesis that NGF-mediated thermal hypersensitivity and mechanical allodynia are mediated by distinct mechanisms.
NGF-evoked increased concentrations of TRPV1-active oxidized lipid metabolites in lumbar spinal cord are attenuated by NDGA and BEL
The parallel effects of BEL, CPZ, and NGDA for blocking persistent NGF nociception (Figs. 1, 2) are consistent with the hypothesis that persistent NGF nociception is mediated by activation of TRPV1 by oxidized lipid agonists. Because certain oxidized metabolites of either LA (Patwardhan et al., 2009; Patwardhan et al., 2010; Ruparel et al., 2012a) t.) on day 8 in vehicle or NGF-treated rats (n ϭ 8 -10/group). Data were analyzed by Student's t test. C, D, Capsaicin-evoked inward currents were measured from acutely cultured L4 -L6 DRGs from NGF-or vehicle-treated rats on day 8 (n ϭ 4 -6/concentration/group; C) with representative traces of maximal capsaicin-evoked inward currents in DRGs from NGF-and vehicle-treated rats (D). E, Capsaicin-evoked CGRP release in 6 mm hindpaw skin biopsies from NGF-or vehicle-treated animals on day 8 were quantified using radioimmunoassay (n ϭ 6/concentration/group) and CGRP release data were normalized to percentage total CGRP content to account for differences in overall CGRP content after NGF treatment. Data were analyzed by nonlinear regression. Error bars are SEM. *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001 compared with vehicle ϫ 5 d; #p Ͻ 0.05, ###p Ͻ 0.001 compared with NGF ϫ 5 d.
effects of spinal injection of NDGA and BEL on metabolite concentrations (Fig. 5) . In spinal cord, NGF treatment had no effect on levels of the precursors LA or AA (Fig. 5A ), but significantly increased concentrations of most of the LA metabolites measured, including 9-HODE and 13-HODE, 9-oxooctadecadienoic acid (9-oxoODE) and 13-oxoODE, 9(10)-epoxyoctadecenoic acid (9(10)-EpOME) and 12(13)-EpOME, and 9,10-dihydroxyoctadecenoic acid (9,10-DiHOME), as well as the AA metabolites 15-HETE, 5-HETE, and leukotriene B4 (LTB4) (Fig. 5B-D) . Moreover, intrathecal injection of NDGA significantly reduced NGF-evoked increases in all LA and AA metabolites with the exception of 13-oxoODE (Fig. 5B-D) . Interestingly, BEL reduced NGFevoked elevations in LA metabolites, but had no effect on NGFevoked increases in AA metabolite concentrations (Fig.  5B-D) , suggesting that NDGA and BEL alter metabolite formation in the spinal cord by targeting different metabolic pathways. The reductions in NGF-evoked increases in TRPV1-active oxidized lipids by NDGA and BEL is quite similar to their effects on reducing nociception (Fig. 2) . Because BEL reduced linoleic acid metabolites, but not AA metabo- lites, spinal NGF mechanisms of nociception may be particularly dependent on oxidation of linoleic acid.
NGF-evoked increases in TRPV1-active oxidized lipids in hindpaw skin are attenuated by intraplantar injection of NDGA and BEL We next used HPLC/MS to determine whether NGF increased concentrations of oxidized lipid TRPV1 agonists in skin tissues. In hindpaw skin, NGF treatment significantly increased LA (Fig. 6A) and several LA metabolites, including 9-HODE and 13-HODE, 9,10-DiHOME and 12,13-DiHOME, and 12(13)-EpOME (Fig. 6 B, C) . Although AA did not change after NGF treatment (Fig. 6A) , NGF increased the AA metabolites 12-HETE and LTB4 (Fig. 6D) . Similar to its effects in spinal cord, NDGA injection into plantar skin significantly reduced NGF-evoked elevations in oxidized metabolites (Fig. 6B-D) . Consistent with the effects of NDGA, BEL also reduced all NGF-evoked increases in oxidized metabolites, with the exception of 13-oxoODE, 12(13)-EpOME, and 12-HETE. Differences in the effects of NDGA and BEL on specific metabolites, as well as effects on LA and AA precursors (Fig. 6A) , may reflect different metabolic pathways targeted by these drugs. Although NGF had no effect on AA levels in skin, BEL increased AA concentrations (Fig. 6A ) and had differential effects on specific AA metabolites (e.g., 12-HETE; Fig. 6D ). Combined with the findings for the peripheral inhibitory effects of BEL, CPZ, and NDGA on NGF-induced thermal hyperalgesia (Fig. 2) , these findings support the hypothesis that increased production of oxidized lipid TRPV1 agonists in skin likely contributes to the persistent NGF-induced thermal hyperalgesia.
Discussion
This study tested the novel hypothesis that NGF triggers the development of a persistent thermal and mechanical nociceptive state mediated by oxidative processes, leading to increased production of endogenous TRPV1 agonists and activation of the channel. In the present rat model, systemic NGF administration produced physiologically relevant circulating concentrations of NGF (Blandini et al., 2006) accompanied by pain behaviors that persisted beyond detectable circulating levels of the neurotrophin. In addition, the results indicate that TRPV1 mediates these effects of NGF via distinct peripheral and central mechanisms.
Importantly, these studies demonstrate a novel role for lipid oxidation in mediating the transition to a persistent pain state through increased production of TRPV1-active lipids in both spinal and cutaneous tissues. Further, the lipidomic analyses reveal that levels of linoleic acid and the OLAMs are ϳ10-fold greater in cutaneous tissues compared with spinal cord homogenates. Based on these findings, we propose a novel mechanism for persistent nociception evoked by NGF through increased production of oxidized lipid TRPV1 agonists and subsequent receptor activation at both central and peripheral nerve terminals of sensory neurons.
Consistent with prior studies (Lewin et al., 1993; Hathway and Fitzgerald, 2006; Mills et al., 2013) , repeated injection of NGF triggered a persistent nociceptive state that required changes in protein expression and lasted beyond the complete metabolism of the exogenous neurotrophin in circulation. NGF activation of TrkA or p75 receptors on sensory neurons and internalization and trafficking of the neurotrophin-receptor complex to the cell body could initiate changes in gene expression that lead to enhanced sensory transduction or peripheral sensitization (Woolf, 1996; Delcroix et al., 2003) . Consistent with this hypothesis, systemic coadministration of the protein synthesis inhibitors anisomycin and cycloheximide with NGF prevented the development of persistent pain behaviors. However, changes in gene expression could also be mediated by the release of additional inflammatory mediators from TrkA or p75 receptor activation in Figure 5 . NGF-evoked increases in TRPV1-active oxidized lipids in spinal cord were attenuated by spinal injection of NDGA and BEL. Lumbar spinal cord were rapidly removed from untreated rats, NGF-treated rats, and NGF-treated rats cotreated with NDGA (5 g, i.t.) or BEL (30 g, i.t.) on day 8 (n ϭ 7-10/group). Lipids were extracted in methanol-containing isotope-labeled standards for MS analysis of LA and AA (A), HODE and oxoODE metabolites (B), EpOME and DiHOME metabolites (C), and HETE metabolites and LTB4 in spinal cord tissues (D). Quantitative results were obtained by reference of experimental peak area ratios to standard curves and data were normalized to tissue weight. Data for each individual lipid were analyzed by ANOVA with Tukey's post hoc test. Error bars are SEM. **p Ͻ 0.01, ***p Ͻ 0.001 compared with untreated; #p Ͻ 0.05, ##p Ͻ 0.01 compared with NGF.
non-neuronal cells (Woolf et al., 1996; Ji et al., 2002; Nicol and Vasko, 2007; Mantyh et al., 2011) . Further investigation and identification of specific gene changes in neurons evoked by NGF treatment could advance our understanding of the neuronal mechanisms involved in the transition to a persistent pain state. Based on the collective findings in the present study, genes involved in transcription, translation, or posttranslational modification of TRPV1 or in oxidative processes likely contribute to NGF-evoked persistent pain.
The comparison of peripheral versus spinal injection of CPZ provides insight into mechanisms of persistent NGF nociception. The finding of immediate reversal of persistent NGF nociception with systemic injection of CPZ demonstrates a pivotal role for TRPV1 in mediating this effect, but does not indicate the site of action. Importantly, the TRPV1 channel is expressed on peripheral and central terminals of certain nociceptive afferent fibers as well as intrinsic second-order neurons in the spinal dorsal horn (Doly et al., 2004; Zhou et al., 2009) . The peripheral blockade of thermal hyperalgesia by intraplantar injection of CPZ is consistent with prior findings that NGF sensitizes thermosensitive afferents (Lewin et al., 1993) and demonstrates that thermal allodynia is initiated by peripheral TRPV1 activation. Based on behavioral, superfusion, biochemical, and electrophysiologic experiments, the present study strongly supports a role of increased peripheral TRPV1 activities in mediating NGF-evoked persistent thermal hyperalgesia. The demonstration of increased capsaicin E MAX values for I CAP and CGRP release, together with increased membrane expression of TRPV1 by fractionated Western blot analysis, suggests that NGF treatment evokes sustained accumulation of TRPV1 in the membranes of peripheral afferent terminals and their cell bodies. Because TRPV1 protein quantification in skin was not feasible with WB approaches, it is also possible that posttranslational modifications alone, independent of receptor density, could result in increased capsaicin-evoked inward current and neuropeptide release. Anisomycin and cycloheximide reduced NGF-evoked enhancements in peripheral TRPV1-mediated nocifensive responses, consistent with changes in protein translation of TRPV1 and/or genes involved in posttranslational modification or altered surface trafficking of receptor reserves. Persistent thermal hyperalgesia is also mediated by central mechanisms involving TRPV1 activation, because both peripheral and intrathecal injection of CPZ produced nearcomplete reversal of thermal hyperalgesia. This observation is similar to the effects of intrathecal TRPV1 antagonists in models of inflammation (Cui et al., 2006; Kanai et al., 2007; McGaraughty et al., 2008; Patwardhan et al., 2009) . One interpretation of the observation of near-complete efficacy of CPZ after either intraplantar or intrathecal injection is blockade of TRPV1 on peripheral and central terminals of the same population of afferent neurons. This is consistent with the observation of elevated TRP-active lipids in both skin and spinal cord tissues. Interestingly, fractionated Western blot analysis failed to detect any change in membrane expression of TRPV1 in spinal cord homogenates after NGF treatment. Although these results may reflect a detection issue with the Western blot approach due to the limited amount of TRPV1 protein in the spinal cord, it is also possible that this finding could be due to either selective trafficking of TRPV1 to peripheral terminals of afferent neurons (Ji et al., 2002) or multiple cellular sources of TRPV1 in the dorsal spinal cord (Doly et al., 2004; Zhou et al., 2009) , masking the effect of NGF on central terminals of TRPV1 ϩ neurons. In contrast to thermal hyperalgesia, NGF-evoked mechanical allodynia is mediated by TRPV1 exclusively through spinal mechanisms because intrathecal, but not peripheral, injection of CPZ reversed this nociceptive state. Other studies using behavioral ( . NGF-evoked increases in TRPV1-active oxidized lipids in hindpaw skin were attenuated by intraplantar injection of NDGA and BEL. Hindpaw skin biopsies (6 mm) were rapidly removed from untreated rats, NGF-treated rats, and NGF-treated rats cotreated with NDGA (5 g, i.pl.) or BEL (30 g, i.pl.) on day 8 (n ϭ 10 -14/group). Lipids were extracted in methanol containing isotope labeled standards for MS analysis of LA and AA (A), HODE and oxoODE metabolites (B), EpOME and DiHOME metabolites (C), and HETE metabolites and LTB4 in hindpaw skin tissues (D). Quantitative results were obtained by reference of experimental peak area ratios to standard curves and data were normalized to tissue weight. Data for each individual lipid were analyzed by ANOVA with Tukey's post hoc test. Error bars are SEM. *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001 compared with untreated; #p Ͻ 0.05, ##p Ͻ 0.01 compared with NGF.
2008; McGaraughty et al., 2008; Willis, 2009 ) methods have implicated spinal TRPV1 in mediating mechanical allodynia. The BEL, CPZ, and NDGA experiments, combined with the lipidomic analysis of spinal cord tissues, suggest that NGF triggers an oxidized lipid/TRPV1 pathway leading to spinal cord plasticity and mechanical allodynia. Collectively, our findings indicate that NGF-induced persistent thermal hyperalgesia and mechanical allodynia are mediated by spatially distinct mechanisms that converge through a common oxidative mechanism of increased active production of oxidized TRPV1 agonists.
The behavioral pharmacology and MS studies identify a novel role for oxidative mechanisms in mediating persistent NGF nociception through increased production of oxidized lipid TRPV1 agonists. Peripheral and spinal injections of NDGA, a potent inhibitor of oxidative enzymes and a direct antioxidant (Goodman et al., 1994; DuPont et al., 2001) , reversed persistent NGF nociception by a similar magnitude to CPZ, suggesting a link between the actions of both compounds. Furthermore, enzymatic production of oxidized metabolites appears to contribute more to NGF nociception than free radical production because NAC, an antioxidant that reacts directly with free radicals (Nazıroglu et al., 2013) , had no effect on pain behaviors. MS studies provide quantitative evidence to demonstrate that NGF treatment persistently increased TRPV1-active oxidized LA and AA metabolites in hindpaw skin and spinal cord, and increases in oxidized metabolites were reduced by peripheral and central injection of NDGA. Because PLA2 isozymes release free fatty acids from plasma membranes, we investigated whether the PLA2 inhibitor BEL, which has been shown to inhibit both calcium-dependent and calciumindependent cytosolic PLA2 isoforms (Svensson and Yaksh, 2002; Farooqui et al., 2006) , alters lipid levels and nociception. Peripheral injection of BEL reduced oxidized lipids and thermal hyperalgesia, but not mechanical allodynia. Conversely, intrathecal administration of BEL reduced oxidized lipid levels and attenuated both thermal hyperalgesia and mechanical allodynia. These results are strikingly similar to those observed with peripheral and spinal CPZ and NDGA and support the hypothesis that PLA2 plays a key role in NGF-evoked generation of TRP-active lipids. However, the present findings do not exclude other possible mechanisms by which spinal PLA2 could modulate nociceptive processing (Svensson and Yaksh, 2002; Lucas et al., 2005; Farooqui et al., 2006) . Differences in the effect of NGF on certain metabolites in spinal cord versus hindpaw skin are consistent with reports that TRPV1 modulation and function are tissue specific (Malin et al., 2011) and might also reflect differences in the relative abundance of AA and LA in each tissue type. Interestingly, AA was more abundant in spinal cord than LA, and the release of AA by spinal PLA2 is a critical initial step in the generation of spinal COX products associated with inflammatory hyperalgesia (Lucas et al., 2005) . In hindpaw skin, LA was more abundant than AA and was significantly increased after NGF treatment. This finding is of particular importance because previous studies have demonstrated that both acute heat (Patwardhan et al., 2010) and postburn injury (Green et al., 2013) generates TRPV1-active OLAMs in skin. The effects of BEL, CPZ, and NDGA on levels of oxidized lipids correspond with the effects of these compounds on pain behaviors, but these compounds are not selective inhibitors of oxidized lipids alone and it is possible that they could reduce persistent nociception through alternative mechanisms.
Collectively, these data demonstrate a novel mechanism for NGF-induced persistent nociception by PLA2 generation of oxidized lipids leading to activation of TRPV1. Because NGF is implicated in several chronic pain disorders, increased understanding of oxidative mechanisms mediating the transition to persistent nociception may advance the development of novel analgesics for chronic inflammatory pain.
